Introduction
Graphene is the novel and prospective material for future electronic [1] [2] [3] [4] and spintronic devices, [5, 6] solar cells, optical applications, [7,^8] supercapacitors and composite materials. [9] [10] [11] [12] For those applications, chemical functionalization is routinely used and could change the electronic, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] magnetic, [22] [23] [24] [25] [26] [27] mechanical [20, 21, 28, 29] and chemical [30] [31] [32] properties of graphene significantly. For example, uniform one-sided functionalization of graphene [33] is nesessary for realizing of semiconducting behavior with high carrier mobility. In addition to chemical functionalization, changes of crystal structure of graphene such as corrugations [34, 35] or formation of nanoribbons drastically change electronic structure [36--39] of graphene and provides enhancement of its chemical activity. [13, 16, 27] Another kind of distortion of the graphene lattice is strain. Recent theoretical work predict unusual electronic properties of strained graphene. [40] [41] [42] [43] [44] Graphene usually have non-uniform contacts to the surface so that the routine heat treatment for device preparation produce of local strain on graphene. The role of strain in the migration of hydrogen atoms, [45] chemical activity of lithium adatoms, [46] electronic structure of graphene totally or half covered by hydrogen [47] and physical properties of corrugated graphene with partial hydrogenation [49] have been discussed in recent works. Previous works of one of the authors [13, 50] discussed several energetically favourable configurations such as uniform coverage of one or both sides. However, such cases may not be fabricated at realistic conditions due to energy costs of early steps of functionalization. Thus, the systematic modelling of the possible adsorption behaviours of chemical species commonly used for graphene functionalization under the strain is necessary.
To understand the main principles of strained graphene functionalization, herein, the atomistic modelling on absorption of a single hydrogen (see Figure 1a) , fluorine, oxygen adatom, hydroxyl group and its pairs has been performed. Hydrogen was chosen as the most detailed theoretically (see ref. 13 and references therein) and experimentally [17--19] studied chemical species for graphene functionalization. Other substitution of the hydrogen for the functionalization is fluorine. The higher stability of the totally and partially fluorinated graphene was reported in recent experimental [20, 21] and theoretical [51, 52] work. Graphene oxide could be described as graphene functionalized by oxygen (epoxy groups, Figure 1f -i) and hydroxyl groups (see ref.
14 and references therein). For the case of a pair adsorption, we have only considered that the two species are close to each other because the previous works have shown that, for pure, [13,^14] defected [27] and distorted [16] graphene, such a pairing is more energetically favourable than other cases. The changes of their cohesive energy due to the lattice deformation are interesting for the probable usage of strain effect for graphene oxide total reduction. The next step of our survey of the strained graphene functionalization is studying of the most common pairs of adsorbed species to check the probable scenarios of further functionalization: clusters, [18, 19, 53] lines or uniform coverage formation of chemisorbed molecules or atoms.
Results and Discussion
Hydrogen, fluorine and hydroxyl groups chemisorption on strained graphene
Expansion of graphene provides decreasing of the chemisorption energy for all configurations of hydrogen adatoms (Figure 2 ), that is, the chemical activity of graphene is enhanced. Hereafter, the positive strain corresponds to the expansion of graphene while the negative to the compression. The cause of such enhancement with positive strains is an increase of the total energy of the graphene supercell defined above. This behavior is similar to the cases of graphene nanoribbons [26] and corrugated graphene. [16] For all types of positive strain (uniaxial strains perpendicular to the armchair/zigzag direction and isotropic strain) chemisorption energy remains positive: the chemisorption of the pair of hydrogen atoms in the ortho position from both sides of graphene sheet (Figure 1c ) is always the most energetically favorable, while chemisorption of the single hydrogen is always energetically less favorable. Since the increase rate of the total energy of the graphene supercell with increasing positive isotropic strain is bigger than one with uniaxial strain (Figure 1j ), the chemisorptions energy for this case decreases much faster as the magnitude of strain increases compared to those under uniaxial ones (Figure 2c ). Here, we note that the preferred paired chemisorptions indicate an unstable local magnetism. To check the role of the chemical composition of the adsorbed species, we performed calculations for the fluorine adatoms and hydroxyl groups placed on graphene in same positions as hydrogen (Figure1a-e) . Results of the calculations for the case of graphene with positive uniaxial strain along the zigzag direction confirm the aforementioned scenario for the chemisorption on the expanded graphene, although the Echem here is always negative (Figure 3 ). We note that the important structural distortions by chemisorbed species [13,^14,^53] play insignificant roles owing to the increase of lattice parameters (inset of Figure 3b ) flattening of the distortions. A previous study [54] using molecular dynamic simulation showed the similar behaviors. [54] The main difference between enhancement of chemical activity of expanded and corrugated [16] graphene originates from atomic structures under external mechanical perturbations. In the case of corrugated graphene, the enhanced curvature provides a significant increase in binding energy that is limited only by the stability of carbon-carbon bonds in graphene. [55,^56] This is quite different from the case of expanded graphene where the strain of 5% leads dramatic diminishment of out-of-plane carbon distortion near impurity. [13] Expansion of graphene by strain beyond 10% will lead further flattening of the distortion near impurity and eventually limits a further gain in binding energy. For compressed graphene, however, the situation changes drastically and local distortions around chemisorbed species start to play a crucial role in determining chemical activities. In the case of initially buckled by ripples [16] or negative strain [49] impurities chemisorbed by graphene lead to stabilization of initial corrugations. Our calculations demonstrate that chemically adsorbed species leads distortions of the initially flat graphene with negative strains turning carbon substrate into the energetically favoured state (see inset on Figures 3a and 4a-d).
Like graphene with positive strain, increase in the total energy of compressed graphene as increasing the magnitude of the negative strains ( Figure 1j ) significantly decreases the chemisorption energy (Figures 3 and 4) . For the case of the hydrogenation, it turns the process from the endothermic for pristine graphene to the exothermic for compressed graphene at a negative strain of around <M->5^%. 
Magnetic properties of functionalized strained graphene
The most surprising and important result for the chemisorptions on compressed graphene is the change in the energetically favourable atomic configuration for the pair of the species on both sides of graphene; from the paired chemisorbed species (the ortho position on both sides) to the isolated single chemisorbed species ( Figure 4b ). Chemisorption of the second hydrogen atom on the carbon atom makes both sublattices equivalent again and destroys the uniform alteration. Therefore, the formation of the uniform distorted structure in the compressed graphene provides a significant energy gain for the case of single impurities chemisorbed on graphene. For the case of fluorine adatoms and hydroxyl groups on graphene the situation is similar to the hydrogen adsorptions on compressed graphene (Figure 5a ). Bigger lattice distortions formed by the fluorine adatoms [13,^45] make the chemisorption of a single fluorine adatom more favourable than other non-magnetic pairs. The magnetic ground states will not be destroyed by the pair formations of fluorine adatoms so that the compressed graphene is more feasible for the building of the magnetic graphene. The electronic structure near Fermi level for the case of single adatom chemisorption changed negligibly for all the kinds of strains. This stability near the Fermi level corresponds to the stability of magnetism. The magnetic moments change within 3% due to changes of the type and magnitude of applied strain and remain near 0.95 µB for a single adatom. Comparison of the energies between magnetic and nonmagnetic configurations (see insets of Figure 5 ) clearly shows the stability of the magnetism based on chemisorption of all studied species. Fluorine-based magnetism is a rather controversial topic. Recent DFT calculations have shown the absence of a magnetic moment on single fluorine atoms [57] while the experimental results demonstrate the presence of paramagnetism in fluorinated graphene. [58] For detailed investigation of this issue we performed calculations for the case of a single fluorine adatom chemisorbed over graphene supercells with different sizes and shapes for different values of energy cut-off (from 100 to 600 Ry), different core radii of pseudopotentials (from 1.2 to 2.2 Å) and different kpoint sampling (from 1×1×1 to 12×12×4). For smaller (from 8 to 18 carbon atoms) and bigger (above 72 carbon atoms) supercells self-consistent calculations always provide magnetic solution. For a medium-sized supercell, however, the self-consistent pseudopotential calculation leads to dependence of the magnetic solution and the value of the magnetic moment per supercell from the k-point sampling, while the full-potential method implemented in the ELK code [59] shows the opposite. We think that a possible computational error in determining an optimal bond length between carbon and fluorine (1.44 Å instead 1.40~1.43 Å in organic compounds) [60] influences its ground-state properties because, for the hydrogen-doped case, such a dependence of magnetic solution on k-points sampling does not occur.
To calculate exchange interaction parameters for the case of a single hydrogen impurity, we multiply the size of the supercell with the optimized atomic structure along the zigzag direction and calculated the total energy for the parallel and antiparallel orientations of the spins of two magnetic impurities. [27] The results of the calculations are shown in Figure 5a . Expansion of graphene provides a decrease of the exchange energy because the distance between impurities increases while a 5% compression of graphene increases the ferromagnetic exchange energy. Further compression over 5% changes the electronic structure (decreases the number of states at the Fermi level) and weakens the ferromagnetic interactions. A maximal value of exchange energy obtained for the uniaxial negative strain of -5% is used for the further discussion of thermal stability of magnetism in these systems. For the case of a single fluorine and hydroxyl group, a larger out-of-plane distortion of the graphene sheet provides enhancement of ferromagnetic interactions (Figure 5b ).
Lattice distortions and concentration effects
The aforementioned lattice distortions of the compressed graphene with chemisorption of various species require a detailed study of the lattice properties of compressed graphene. Large values for the chemisorption energies are caused by the significant energy gain of distorting the compressed flat graphene (Figure 1j ). Hence, naively one can expect that such energy gain will indefinitely increase if the size of supercell is increased. However, the shape of lattice distortions strongly depends on the concentration of impurities and supercell size. To examine the role of the size of supercell we have performed the calculation on graphene uniaxially compressed by 10% with different sizes of the supercells and with an initial out-of-plane shift of several atoms at the center of supercell. In contrast to the initially flat graphene which remains flat after compression, this initial kick provides significant lattice distortions with different shapes (Figure  6a-d) depending on the sizes of supercell. To check whether the obtained structure is unique or not, we performed optimization of atomic structure for the case of chemisorption of a single hydrogen adatom on these supercells of compressed graphene. The chemisorption of the hydrogen provides the different distortion of graphene sheet (for example, see Figure 6b and Figure 4b ). For the modelling of hydrogen desorption we started from these optimized atomic structures by increasing the carbon--hydrogen distance from 1.10 to 3 Å and performed optimization of these new structures. Obtained structure of distorted compressed graphene after hydrogen desorption is exactly the same as calculated for the case of pure compressed graphene with an initial out-of-plane shift of a few atoms in the center of supercell. The total energy per carbon atom for the studied graphene supercells demonstrates that the energy gain for the distorted graphene covalent functionalization decreases as the system size increases (Figure 6e ). These changes of the total energy are caused by the relative flattening of the graphene sheet that could be characterised by a reduction of the ratio of out-of-plane distortions to the size of the supercell (Figure 6e ). Decay of graphene sheet out-of-plane distortions should provide decrease of the graphene chemical activity. [16] Comparison of hydrogen desorption energy of compressed graphene with unstrained graphene (Figure 6f ) demonstrate that a single hydrogen atom chemisorbed on compressed graphene supercell with 160^^carbon atoms (0.6^% hydrogen concentration) is less stable than unstrained graphene. Thus we can conclude that giant chemisorption energy gains shown in Figures 2 and 3 
Oxidation of strained graphene
Unlike hydrogen, fluorine and hydroxyl groups oxygen adatoms on graphene form bonds with two nearest atoms with formation of epoxy groups (Figure 1f-i) . This type of chemisorption provides several new features of strained graphene oxidations. Similar to the aforementioned chemical species the strain decreases the chemisorption energy ( Figure 7 ). However, in sharp distinction to the hydrogen case, positive strain turns the oxidation process from endothermic to exothermic. In other words, graphene with positive strain could be easily oxidized in the air. Hydrogenation of strained graphene is not dependent on the direction of strains because the C-H bond is always perpendicular to the strain direction. Oxidation, however, strongly depends on the strain direction because the lattice distortion by the formation of epoxy groups leads bigger expansion of the carbon hexagons in the zigzag direction. [14] For the case of unstrained graphene the pair shown in Figure 1i is energetically favourable and formation of the pair in Figure 1g requires the highest chemisorption energy. But expansion along the zigzag direction or compression perpendicular to the zigzag direction compensates anisotropic lattice distortions and makes formation of the oxygen pairs shown on Figure 1g the most energetically favourable. Therefore the strain could be used for the selection of the initial configurations of the pair adsorptions so that different types of the oxygen lines along different directions on graphene can be formed. This could be used for selection of unzipping [61] or bending [62] directions of graphene by the oxidization. We expect that the natural lattice distortions of the graphene layers in carbon nanotubes also lead to rush a direction dependent oxidation resulting in oxidative unzipping of the nanotubes. [63, 64] 
Conclusion
Based on first-principles calculations, we have studied hydrogenation, fluorination, and oxidation processes in strained graphene. By checking the variation of formation energies of a single adatom or its pairs upon applications of strains, the most probable chemical pathway to functionalization is deduced. When initially flat graphene is compressed, the single hydrogen and fluorine adatom configurations are the most favorable of any pair formation, enhancing the magnetic ground state against the destruction by pairing adatoms. Moreover, the oxidation process is unique in that the pair is preferred over a single adatom under strain and that the pair formation depends on the strain direction.
Computational method
The modelling was carried out by first-principles pseudopotential calculation methods as implemented in SIESTA, [65] as was done in our previous works. [13, 14, 16, 17, 26, 27, 50, 52] All calculations are performed using the generalized gradient approximation (GGA-PBE) [66] for exchange-correlation potential, which is more suitable for the description of graphene-adatom chemical bonds than local density approximation. [13] All atomic positions were fully optimized until the inter-atomic force is less than 0.04 eV/Å. Interlayer distance between graphene sheets have been chosen 20Å that provide perfect separation of the layers and makes unnecessary optimization of lattice parameter along Z axe. A rectangle-like supercell containing 48 carbon atoms (Fig. 1) in the graphene sheet has been used. We confirm that the size and shape of supercell are enough to guarantee the absence of any overlap between wave functions of the chemisorbed groups [27] and are feasible for the modelling of graphene sheet expansion and compression in zigzag and armchair directions (see insets on Fig. 2) . When we performed the calculations for the strain along the one direction we optimize lattice parameters in the perpendicular direction. The lattice distortions after chemisorption of hydrogen and hydroxyl groups on pristine graphene are the same as obtained in our previous works for other sizes and shapes of suprecells. [13, 14] All calculations were carried out for an energy mesh cut off of 360 Ry and k-points of 8×8×1 Monkhorst-Pack mesh. [67] The chemisorption energy has been calculated by a standard formula Echem = (EGX -(EG + EX))/n, where EGX is the total energy of the strained graphene with chemisorbed X species, n a number of X, EG the total energy of strained pure graphene, and EX the total energy per species X (X = hydrogen, fluorine and oxygen) as the half of total energy of H2, F2 and O2 molecule respectively. The total energy of the oxygen molecule calculated in ground (triplet) state. The energy of the hydroxyl group is defined as EOH = (2EH2O -EH2)/2 where EH2O and EH2 are total energies of H2O and H2 respectively. Desorption energy of single hydrogen adatom we define as Edesorp = EGH -EG+H, where EGH -energy of optimized atomic structure of graphene supercell with chemisorbed hydrogen atom, and EG+H -energy of the optimized atomic structure of the same supercell after ablation of hydrogen adatom to the distance about 3Å from nearest carbon atom.
